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ABSTRACT
Understanding the formation history of brightest cluster galaxies is an important
topic in galaxy formation. Utilizing the Planck Sunyaev-Zel’dovich cluster catalog,
and applying the Ansatz that the most massive halos at one redshift remain among
the most massive ones at a slightly later cosmic epoch, we have constructed cluster
samples at redshift z ∼ 0.4 and z ∼ 0.2 that can be statistically regarded as progenitor-
descendant pairs. This allows us to study the stellar mass assembly history of BCGs
in these massive clusters at late times, finding the degree of growth between the two
epochs is likely at only few percent level, which is far lower compared to the prediction
from a state-of-the-art semi-analytic galaxy formation model.
Key words: galaxies: clusters: general – galaxies: elliptical and lenticular, cD –
galaxies: evolution
1 INTRODUCTION
In the cold dark matter dominated Universe, structure
growth proceeds hierarchically through gravitation in-
teractions (e.g., White & Rees 1978; Davis et al. 1985;
Springel et al. 2005). Galaxy clusters represent the culmi-
nation of structure formation at the present time, and most
of the clusters are still in the active forming phase. In par-
ticular, the high resolution N-body simulation of Gao et al.
(2004) has shown that even at z < 1, frequent mergers have
brought lots of material into the very center of massive ha-
los, namely where the brightest cluster galaxies (BCGs) in
real clusters are located. As such, it is natural to expect
the BCGs to grow in mass at late times in cosmic history.
This is indeed a generic prediction of the semi-analytic mod-
els (SAMs); in particular, De Lucia & Blaizot (2007) show
that at z < 0.5, their model BCGs typically have gained
∼ 50% of their final stellar mass.
Some researchers have investigated the stellar mass of
BCGs in massive clusters by using near-infrared luminos-
ity as a mass proxy, and have suggested that BCGs grow
little in mass since z ∼ 1(Collins et al. 2009; Stott et al.
⋆ E-mail:ytl@asiaa.sinica.edu.tw
2010). Both Lidman et al. (2012) and Lin et al. (2013) have
examined the stellar mass growth of BCGs across a wide
range in redshifts, and have found a factor of ∼ 2 growth
between z = 1 and 0. In particular, Lin et al. (2013) use a
sample of intermediate mass clusters and find that, although
the BCG growth is consistent with the predictions from the
latest version of Munich SAM built upon the Millennium
Run simulation (Springel et al. 2005; Guo et al. 2011), be-
low z = 0.5 there is some hint of divergent behavior between
the model and observed BCGs. While the model BCGs con-
tinue to grow in mass at about the same rate, the growth
of observed BCGs seems to slow down considerably. It is
possible that for the real BCGs, the continuing accretion of
satellite galaxies adds mass to the outskirts of the galax-
ies, far beyond the observed regions (typically ∼ 30 kpc in
diameter; Whiley et al. 2008). If true, this could offer an
explanation of the discrepancy.
Clearly the epoch z < 0.5 is an important period of time
to examine the stellar mass assembly history of BCGs. We
would also like to extend the study of Lin et al. (2013) in
terms of the mass range of clusters, to investigate the forma-
tion of BCGs in very massive clusters. Thus, in the present
study we will focus on the evolution of BCGs hosted by mas-
sive clusters at z < 0.5. To achieve our goal, we need to make
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sure that within our cluster sample, the higher redshift clus-
ters are representative of the progenitors of the lower red-
shift clusters. A novelty of our approach is the use of a fixed
number density to select massive clusters, which we find can
fulfill such a progenitor-descendant relationship requirement
for the clusters. Furthermore, instead of studying the stellar
mass within a fixed aperture, we attempt to constrain the
“total” stellar mass of the BCGs, as allowed by the available
data.
To this end, we have employed the cluster sam-
ple detected via the Sunyaev-Zel’dvich (SZ) effect
(Sunyaev & Zel’dovich 1970; Zel’dovich & Sunyaev 1969) by
the Planck satellite (Planck Collaboration et al. 2013b,c).
The SZ effect is the inverse Compton scattering of Cosmic
Microwave Background (CMB) photon by hot electrons in
the intracluster medium. As the SZ flux is expected to cor-
relate tightly with total thermal energy of the cluster, and
thus its total mass (Planck Collaboration et al. 2013b), se-
lection via the SZ effect is expected to produce a unbiased,
massive cluster sample. We then apply the fixed number
density selection to the Planck cluster sample, and utilize
an Ansatz (see Section 2) that allows us to connect clusters
at different redshifts as an evolutionary sequence to study
the BCG evolution, using data from the Sloan Digital Sky
Survey (SDSS; York et al. 2000).
This paper is organized as follows. In Section 2, we de-
scribe the Ansatz, which forms the starting point of our
analysis. In Section 3, we present the details of our analysis
of the Planck SZ cluster sample, including the identifica-
tion of the BCGs and the estimation of their stellar mass.
The results on the stellar mass assembly history of BCGs
are shown in Section 4. Finally we summarise our results
in Section 5. Unless otherwise noted, throughout this paper
we use a simple ΛCDM cosmology model where Ωm = 0.3,
ΩΛ = 0.7 and H0 = 100h km s
−1 Mpc−1, with h = 0.7.
2 THE ANSATZ
Observationally it is challenging to follow the evolution of
any population of galaxies, although significant progresses
have been made recently, such as the method that se-
lects galaxies at or above a fixed (cumulative) number den-
sity (van Dokkum et al. 2010; Muzzin et al. 2013). However,
there is a great advantage of working with galaxies in clus-
ters, because once we could identify clusters that statisti-
cally form an evolutionary sequence, we can then link the
galaxy populations in these clusters over cosmic time, and
study their evolution1. In this study we focus on the BCGs
in clusters that form such an evolutionary sequence.
We construct such a cluster sample based on the Ansatz
that, in a given comoving volume V , the top N most massive
clusters at one epoch will remain among the most massive
ones at a slightly later epoch, separated by a period ∆t. We
test what optimal V , N , and ∆t should be using cosmolog-
ical N-body simulations, and consider the effect of scatter
in the mass–observable relation, as follows.
As we are mainly interested in the BCG evolution at
1 In practice one needs to take into account the fact that clus-
ters continue to acquire galaxies via accretion and merger with
surrounding galactic systems.
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Figure 1. The fraction of the top N halos at z = 0.4 that remain
among the top N rank at z = 0.2. The solid line, dashed line and
dotted line are for simulations with box sizes of 300, 700 and
1000h−1Mpc, respectively. Top panel: the ideal case, when there
is no scatter between the cluster mass and the mass proxy used to
select the clusters. Bottom panel: the case when 15% fractional
scatter is applied before selecting the clusters, which should be
applicable to the Planck clusters used in our analysis.
late times (z < 0.5), we consider redshift ranges 0.13 6
z 6 0.26 and 0.37 6 z 6 0.41 (hereafter denoted as low-z
and high-z, respectively), which occupy the same comoving
volume for the same solid angle. At these redshifts, data
from SDSS are adequate for studying luminous galaxies such
as BCGs.
To check the Ansatz, we have performed three
dark matter-only cosmological simulations with the mas-
sively parallelized code Gadget-2 in its Tree-PM mode
(Springel et al. 2001; Springel 2005). The softening length is
3% of the mean interparticle separation and the total parti-
cle number is Ntot = 1024
3 . The box sizes are 300, 700 and
1000 h−1Mpc. The volume of the 700 h−1Mpc run is closest
to the actual observations we have (see Section 3). For each
simulation, we first select the top N most massive halos at
z = 0.4, then use the merger history to identify their descen-
dants at z = 0.2. We compare these descendants with the
top N most massive halos at z = 0.2 and calculate the frac-
tion of halos that are present in both halo samples. Fig. 1
(top panel) shows such fractions as a function of N . The
simulations suggest that about 75% of halos remain among
the most massive ones between z = 0.2 and z = 0.4 with
N ≈ 30. We also find that the effect of the box size is small
for the cases where N > 50.
In practice, we usually cannot select clusters by their
mass, but rather by a mass proxy, which inevitably exhibits
some scatter with respect to the true mass. As we will use the
cluster sample detected by Planck via the SZ effect, we con-
sider the effect of scatter in the MYZ–mass relation, where
MYZ is the best mass proxy (with a scatter of ∼ 15%) rec-
ommended by the Planck team (Planck Collaboration et al.
2013b). In our simulation box at z = 0.4, for each halo, we
randomly perturb the halo mass by a random Gaussian vari-
ate with σ = 0.15. The same operation is applied to the halos
at z = 0.2 as well. We then compute the fraction of descen-
dants of the top N z = 0.4 halos selected by the perturbed
mass that remain in the top N list at z = 0.2 (also selected
c© 2014 RAS, MNRAS 000, 1–11
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by the perturbed mass). The results are shown in Fig. 1
(bottom panel). Interestingly, the introduction of scatter in
mass proxies only has appreciable effects on the remaining
fraction for our smallest simulation box, and we find that
for larger boxes, which are closer in terms of the comoving
volume to our actual observations, the effect is quite small,
and our Ansatz holds to about 75%.
2.1 Inferring the stellar mass growth of BCGs
How does the scatter affect the robustness of our approach
in inferring the BCG stellar mass growth? We repeat the
procedure just mentioned, but now, at z = 0.4, for each
halo we also assign a BCG stellar mass with a mean of
Mbcg = aM
c
h (where a is an arbitrary normalisation factor
and slope c = 0.2) and a Gaussian scatter of 30% at fixed
(true/unperturbed) halo mass Mh. These values of c and
scatter are consistent with the measurement of Lin & Mohr
(2004) for nearby X-ray clusters. At z = 0.2, a BCG stellar
mass–halo mass relation with the same scatter and slope,
but different normalisation, is used (Mbcg = bM
c
h). Now,
there are three relevant quantities to consider: (1) the mean
BCG stellar mass of top N halos at z = 0.4 selected by
the perturbed mass, Mbcg,1; (2) the mean BCG stellar mass
of top N halos at z = 0.2 selected by the perturbed mass,
Mbcg,2; (3) the mean BCG stellar mass at z = 0.2 for descen-
dants of the top N z = 0.4 halos selected by the perturbed
mass, Mbcg,3. While observationally we measure Mbcg,1 and
Mbcg,2, it is the ratioMbcg,3/Mbcg,1 that we are after. Under
the fair assumption that the BCG stellar mass assembly in
descendants of top N z = 0.4 halos is the same as in other
massive z = 0.2 halos, we could use this simple simulation
to examine whether we could recover the overall growth of
BCGs (i.e., b/a), as well as the growth of the particular
BCG population we are interested in (i.e., the top N halos
at z = 0.4 and their descendant halos).
The results from this exercise are shown in Fig. 2, as
a function of N . We have arbitrarily set b/a = 1.3, and
found that while the ratio Mbcg,2/Mbcg,1 is biased high
by 9%, the ratio Mbcg,3/Mbcg,1 is very close to the actual
value. In principle, these results allow us to infer the true
growth Mbcg,3/Mbcg,1 by applying a correction factor to the
observed growth Mbcg,2/Mbcg,1. In reality, however, since
the exact magnitudes of scatter in both the cluster mass–
observable relation and the BCG stellar mass–cluster mass
relation are not well measured, later in the analysis we will
mainly invoke the results here for qualitative arguments.
3 THE ANALYSIS
In this section, we first describe the data sets used in our
analysis. These include the Planck SZ catalog and the SDSS
data used to study the BCGs. For comparison with predic-
tions from galaxy formation theories, we also make extensive
use of the Millennium Run database. We then provide de-
tailed accounts of our identification of optical counterparts
of Planck SZ sources and the designation of BCG (Section
3.1), and the estimation of stellar masses of BCGs (Section
3.2).
Planck is a project of the European Space Agency
(Planck Collaboration et al. 2013a). The main goal of the
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Figure 2. Recovery of the degree of BCG stellar mass growth,
as a function of the top N selection (using the 700h−1Mpc box).
In this example, we have assumed that, between z = 0.4 and
z = 0.2, the amplitude of the BCG stellar mass–cluster mass
relation has increased by a factor of two, while the scatter in the
relation remains at 30%. The red curve shows that, when the top
N clusters are selected at both redshifts, the ratio of the mean
BCG stellar masses is biased high by ∼ 9% compared to the
actual amplitude. The blue dotted curve shows the case when the
descendants of top N z = 0.4 halos are compared against their
progenitors. In this case the resulting bias is quite small.
mission is to determine the cosmological parameters describ-
ing the Universe. The 74 detectors of Planck satellite are
sensitive to a range of frequencies from 30 to 857GHz. One
of the most important results from Planck so far is the con-
struction of an all-sky cluster catalog derived from the SZ
effect, using data from the first 15.5 months of observations
(Planck Collaboration et al. 2013c). The Planck Sunyaev-
Zel’dovich (PSZ) catalogue contains 1227 clusters and is the
largest SZ catalogue to date. We use this catalogue as our
parent cluster sample.
The SDSS and its later incarnations have observed
about one quarter of the sky (York et al. 2000). The goal
of the project is to create a 3-dimensional map of the Uni-
verse. It uses a 2.5m telescope equipped with a mosaic CCD
camera which can image the sky in five broad optical bands,
and a pair of multi-object spectrographs covering the whole
optical wavelength. We use the latest public data release
from SDSS, DR10 (Ahn et al. 2013), to estimate the cluster
redshifts, and to identify and study BCGs.
The Millennium Run is a very high-resolution cosmo-
logical N-body simulation that follows the evolution of
N = 21603 particles from redshift z = 127 to the present,
with a box size of 500h−1Mpc (Springel et al. 2005). Galaxy
formation in Millennium is treated using semi-analytic pre-
scriptions (e.g., Guo et al. 2011; De Lucia et al. 2006). To
compare with our observations, we use the predictions from
one of these semi-analytic models (SAMs).
3.1 Optical counterparts of PSZ clusters
The first step in our analysis is to identify the galaxies asso-
ciated with each of the PSZ sources. This is to ensure the ro-
bustness of the SZ detections, and to validate the cluster red-
shifts from the PSZ catalogue. We start with the 374 clusters
that lie within the SDSS DR10 footprint, and have the “val-
c© 2014 RAS, MNRAS 000, 1–11
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Figure 3. g − i vs i colour-magnitude diagram for one of the
clusters in our sample. The red and green points represent all
galaxies and the red sequence galaxies, respectively. The blue line
is the best-fit relation, obtained with a 3σ clipping algorithm.
idation” flag value > 10 in the PSZ catalog, which indicates
that these are either newly confirmed or previously-known
clusters. Those with validation value < 10 are discarded as
they lack redshift information.
We use the PSZ catalogue to obtain the initial indica-
tion of the position of the clusters. The PSZ position uncer-
tainty δx, provided in the catalog for each cluster, can be up
to a few arcmin. We have thus queried the SDSS database
within 1h−1Mpc+ δx from the nominal cluster center to ob-
tain colour images and photometric and spectroscopic cata-
logs.
Although significant efforts have gone into the optical
identification and verification of cluster candidates in the
PSZ catalog, in some cases we cannot find unambiguously
the optical counterpart of PSZ sources within the search
radius, while in others the redshift listed in PSZ catalog
does not agree with the apparent redshift of counterpart
clusters we identify. Therefore, in addition to the cluster
redshift listed in the PSZ catalog (zp), we determine the
cluster redshift based on the mean redshift of red member
galaxies in the cluster, as described below.
For each of the PSZ candidate clusters with zp close to
our two redshift bins, we visually inspect the SDSS image
and look for the optical counterpart, in the form of spatial
concentration of red galaxies. Operationally, we first look for
a red sequence in the g− i vs i-band colour-magnitude space
(Fig. 3). Old galaxies in a cluster are often found to lie on a
narrow sequence defined by a colour index that straddles the
4000 A˚ break (e.g., Lo´pez-Cruz et al. 2004). As our clusters
span the redshift range from z ∼ 0.15 to z ∼ 0.4, for sim-
plicity we choose the g− i colour instead of the conventional
g − r to avoid the filter edge effect at around z ∼ 0.4.
An example of the colour-magnitude diagram is shown
in Fig. 3. The red sequence can be clearly seen. The blue
line is the best fit to the sequence, obtained from a 3σ-
clipping technique2. For the fit, we consider only galaxies
2 In short, we first divide the colour-magnitude space into small
cells and calculate the surface density of galaxies in the cells. We
then set a lower limit in surface density for regions to be used in
fitting the red sequence. This procedure effectively eliminates the
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Figure 4. The difference between the cluster redshift determined
by our method (zo) and that provided by the Planck team (zp) for
the low-z bin. zo and their uncertainties are obtained by weighted
mean of photometric and spectroscopic redshifts of red sequence
galaxies. Clusters with vanishingly small error bars are due to the
presence of a few galaxies with consistent zspec.
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Figure 5. Same as Fig. 4, but for the high-z bin.
brighter than an apparent magnitude limit ilim; for the low-
z bin we set ilim = 20, while for the high-z bin ilim = 22.
To accommodate the finite width of the red sequence, we
assume the galaxies with colour in the range −0.1 < (g −
i)− (g − i)fit < 0.05 belong to the sequence.
In SDSS DR10, for bright galaxies that we consider
(i 6 ilim), photometric redshift (zphot) and in some cases
spectroscopic redshift (zspec) are available. Using such infor-
mation, we define the cluster redshift zo as the mean redshift
of the galaxies on the red sequence. In Tables 1 and 2 we
record the cluster redshifts thus determined, and plot the
comparison of zo with zp in Figs. 4 and 5. For the low-z bin
the mean difference between zo and zp is 0.007, while for
the high-z bin the mean difference is 0.017. Although the
difference between zo and zp is small, as a check for system-
atics, in the following we will present results using the two
estimates separately.
blue cloud. We then apply 3σ-clipping to better measure the tilt
and amplitude of the red sequence.
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Table 1. Derived properties of clusters and BCGs in the low-z bin. Columns 1–2 are ID and redshift in Planck SZ catalogue. Column
3 is our estimation of cluster redshift, using red sequence galaxies. Column 4 is objID of the identified BCGs in the SDSS database.
Columns 5–12 are estimated stellar masses of the BCGs in unit of 1011h−1M⊙. For the notation Mxyz, the 1st subscript denotes the
code used for the estimation of stellar mass (h and k stand for NewHyperz and kcorrect, respectively). The 2nd subscript represents the
magnitude used (p and t are Petrosian and total magnitude, respectively). The 3rd subscript denotes the redshift used (p and o are zp
and zo, respectively). For example, Mhpp means the mass obtained by NewHyperz using Petrosian magnitude and zp.
Planck ID zp zo objid Mhpp Mhtp Mhpo Mhto Mkpp Mktp Mkpo Mkto spec-z
153 0.164 0.156 1237655473438720267 4.05 4.25 4.05 4.25 3.36 3.53 2.96 3.11 0.16
174 0.224 0.217 1237665569301987827 17.97 18.50 17.16 17.66 6.96 7.16 6.47 6.66 0.223
177 0.231 0.216 1237678596464050454 4.12 5.36 4.41 5.75 1.63 2.12 1.41 1.84 0.231
224 0.171 0.164 1237662194537201844 7.91 10.00 7.91 10.00 3.02 3.81 2.34 2.96 0.17
242 0.228 0.219 1237651715872325879 5.06 5.17 4.83 4.94 2.23 2.28 1.72 1.76 · · ·
243 0.143 0.137 1237678536348991909 5.27 5.58 5.15 5.45 1.99 2.10 1.82 1.93 · · ·
248 0.232 0.231 1237680297268019748 2.74 2.87 2.74 2.87 2.08 2.18 2.04 2.14 0.23
256 0.147 0.150 1237678580353531955 3.35 3.53 4.12 4.34 1.21 1.27 1.26 1.33 · · ·
277 0.183 0.178 1237665328782901386 5.48 7.45 5.48 7.45 2.02 2.75 1.91 2.59 · · ·
319 0.227 0.220 1237662306722447498 10.60 11.96 10.60 11.96 3.19 3.61 2.97 3.35 0.228
422 0.225 0.215 1237661361296310423 9.34 9.74 9.34 9.74 3.64 3.80 3.29 3.43 0.218
454 0.197 0.189 1237678789202084148 5.38 5.48 5.02 5.12 1.47 1.50 1.35 1.37 · · ·
530 0.136 0.134 1237657222560874676 7.34 9.19 7.34 9.19 2.67 3.34 2.56 3.20 0.135
531 0.169 0.161 1237678583579279462 6.09 6.23 6.09 6.23 1.95 1.99 1.74 1.78 · · ·
533 0.181 0.183 1237666464267894977 5.12 5.92 5.12 5.92 1.86 2.16 1.91 2.21 · · ·
567 0.158 0.147 1237657589241610352 9.63 10.19 9.63 10.19 3.12 3.31 2.67 2.83 · · ·
572 0.144 0.140 1237657857139999015 5.27 5.36 5.27 5.36 2.71 2.76 2.06 2.10 0.142
578 0.217 0.211 1237655109440241892 12.08 13.43 12.08 13.43 4.57 5.08 4.31 4.80 · · ·
610 0.213 0.207 1237665126931234947 6.77 7.10 7.09 7.44 3.23 3.39 2.53 2.65 0.214
617 0.206 0.199 1237661139034046481 9.67 9.97 9.67 9.97 3.30 3.41 3.07 3.17 0.206
718 0.135 0.133 1237668288540639614 2.29 2.82 2.29 2.82 0.96 1.19 0.93 1.14 0.136
726 0.175 0.160 1237671260126576915 8.45 8.77 7.03 7.29 2.54 2.63 2.09 2.17 0.176
758 0.142 0.140 1237667783906033793 11.56 12.20 11.56 12.20 4.04 4.26 3.93 4.14 · · ·
951 0.133 0.134 1237651755084087489 13.07 14.72 13.07 14.72 3.78 4.26 3.79 4.27 · · ·
988 0.165 0.156 1237658493356408883 10.93 11.14 9.09 9.27 3.23 3.29 2.90 2.96 0.17
1105 0.183 0.174 1237655500272500810 5.64 5.75 5.64 5.75 2.59 2.65 2.87 2.93 · · ·
1130 0.259 0.232 1237651736303370409 9.80 10.59 8.53 9.23 3.26 3.53 2.52 2.73 0.26
1182 0.252 0.239 1237651754560454806 4.23 4.51 4.04 4.30 2.47 2.64 2.14 2.28 0.252
1216 0.215 0.216 1237655497600467190 1.68 1.73 1.68 1.73 3.38 3.48 3.43 3.53 0.217
1227 0.171 0.164 1237667781231706367 3.99 4.61 3.32 3.84 1.20 1.39 1.10 1.27 0.173
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Table 2. Derived properties of clusters and BCGs in the high-z bin. Columns 1–2 are ID and redshift in Planck SZ catalogue. Column
3 is our estimation of cluster redshift, using red sequence galaxies. Column 4 is objID of the identified BCGs in the SDSS database.
Columns 5–12 are estimated stellar masses of the BCGs in unit of 1011h−1M⊙. For the notation Mxyz, the 1st subscript denotes the
code used for the estimation of stellar mass (h and k stand for NewHyperz and kcorrect, respectively). The 2nd subscript represents the
magnitude used (p and t are Petrosian and total magnitude, respectively). The 3rd subscript denotes the redshift used (p and o are zp
and zo, respectively). For example, Mkto means the mass obtained by kcorrect using total magnitude and zo.
Planck ID zp zo objid Mhpp Mhtp Mhpo Mhto Mkpp Mktp Mkpo Mkto spec-z
12 0.380 0.370 1237662264319738193 16.68 17.09 18.29 18.74 2.69 2.75 2.53 2.60 0.375
57 0.404 0.403 1237668657908878169 2.61 2.64 2.61 2.64 1.33 1.34 1.31 1.32 · · ·
97 0.361 0.351 1237662698117726968 5.65 5.89 5.65 5.89 2.59 2.70 2.05 2.13 · · ·
128 0.427 0.386 1237662335184667152 6.83 12.61 6.67 12.33 2.75 5.08 2.18 4.03 0.427
137 0.389 0.376 1237651250453349766 10.37 10.76 10.61 11.01 4.00 4.15 3.69 3.83 · · ·
172 0.391 0.382 1237678618474972017 9.79 10.33 8.93 9.42 3.81 4.01 3.60 3.79 · · ·
178 0.426 0.397 1237665584873930855 6.22 6.68 5.68 6.09 3.19 3.42 2.31 2.48 · · ·
181 0.447 0.391 1237652599036838395 3.46 3.85 3.23 3.59 1.39 1.54 1.02 1.14 · · ·
183 0.397 0.391 1237680066416148649 14.85 15.61 14.85 15.61 6.17 6.49 5.99 6.30 · · ·
196 0.387 0.378 1237662701872612077 4.45 4.60 4.45 4.60 2.52 2.60 2.41 2.50 · · ·
234 0.400 0.393 1237659324952216190 2.49 5.18 2.49 5.18 0.95 1.97 0.91 1.90 · · ·
260 0.409 0.393 1237668610660172385 3.87 4.35 3.45 3.88 2.06 2.32 1.57 1.76 · · ·
273 0.393 0.384 1237652901820957259 3.62 3.67 3.31 3.34 1.67 1.69 1.59 1.61 0.394
275 0.412 0.374 1237680298882433199 7.43 7.52 9.14 9.25 3.16 3.20 2.49 2.52 · · ·
324 0.352 0.375 1237672795040645348 5.24 5.32 5.24 5.32 2.31 2.35 2.68 2.72 · · ·
366 0.360 0.380 1237678596480762080 6.90 7.34 7.06 7.51 2.77 2.95 3.16 3.36 0.365
392 0.415 0.384 1237679476396655293 2.40 2.42 2.24 2.26 1.12 1.13 0.95 0.96 · · ·
418 0.350 0.358 1237678433792295224 3.77 3.86 3.77 3.86 1.92 1.96 2.06 2.10 · · ·
427 0.389 0.384 1237678602382344780 3.06 3.24 2.99 3.16 1.81 1.92 1.75 1.85 · · ·
469 0.423 0.400 1237666216227963460 7.61 7.83 6.78 6.98 2.64 2.72 2.34 2.41 · · ·
581 0.405 0.377 1237670956790644941 11.16 11.55 9.94 10.29 4.82 4.98 4.98 5.15 0.405
596 0.373 0.389 1237678890137747779 6.30 6.61 6.30 6.61 2.46 2.59 3.27 3.43 0.373
613 0.393 0.380 1237660241387454756 4.06 6.21 7.92 12.11 2.34 2.41 2.19 2.25 0.384
631 0.378 0.372 1237658192150987164 4.76 5.72 4.65 5.59 2.44 2.93 2.34 2.81 0.376
637 0.397 0.388 1237654390561112852 4.75 4.37 7.19 6.61 2.71 2.96 2.57 2.81 · · ·
642 0.380 0.370 1237665017385910485 7.32 7.66 6.99 7.31 3.80 3.97 3.05 3.19 0.381
674 0.355 0.363 1237673807040022256 6.29 6.95 6.01 6.64 2.35 2.60 2.94 3.25 · · ·
715 0.382 0.370 1237667733956395341 7.45 8.21 7.45 8.21 3.08 3.39 2.86 3.15 0.383
888 0.412 0.386 1237667783373095073 3.85 3.87 3.77 3.79 2.16 2.17 1.96 1.98 · · ·
1120 0.425 0.391 1237662239082349083 5.72 5.87 6.28 6.43 3.15 3.23 2.23 2.29 0.426
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Although BCGs are typically red and dead, and thus
belonging to the red sequence, in some cases they appear
blue, likely due to star formation from cooling gas (e.g.,
Fabian 1994; O’Dea et al. 2008). To account for this, when
we look for the BCGs, in addition to using the available
zphot and zspec information, we also consider a wider colour
range, −1.0 < (g− i)− (g− i)fit < 1.0. As the final step, we
visually inspect the colour images of BCG candidates and
manually correct for misidentified BCGs. We give preference
to galaxies with early type morphology and are closer to
the centre of galaxy concentration. The parameters of the
identified BCGs are listed in Tables 1 and 2.
In Section 2 we have defined the two redshift bins that
will be used to study the BCG evolution. Within the SDSS
DR10 footprint, there are 121 and 30 clusters in the low-
z and high-z bins, respectively, for which we can find an
optical counterpart. (The numbers of clusters remain the
same no matter whether zp or zo is used.) Given the small
number of clusters in the high-z bin, we therefore focus on
top N = 30 clusters in both bins. For the low-z bin, we sort
the clusters by the mass proxy MYZ , and select the most
massive 30 clusters as our sample. The clusters in the high-z
(low-z) bin haveMYZ > 3.6×10
14M⊙ (2.2×10
14M⊙). Given
the overlap between SDSS DR10 and PSZ catalog, which we
roughly estimate to be ∼ 13000 deg2, the comoving volume
of each redshift bin is about (770h−1Mpc)3.
3.2 Estimation of stellar mass of BCGs
We estimate the stellar mass of BCGs from SDSS data
by two spectral energy distribution (SED) fitting tech-
niques. The first tool we use is the kcorrect package (v4.2;
Blanton & Roweis 2007), while the second one is the code
NewHyperz (v11)3. Having two independent methods allows
us to assess the robustness of our results, as well as to evalu-
ate any systematic uncertainty in the stellar mass estimates,
as such estimates inevitably depend on the chosen templates
(or/and stellar population synthesis libraries) and the initial
mass function (IMF), among other factors.
For kcorrect, we use both the default and the lumi-
nous red galaxy templates, both of which are constructed
by Blanton & Roweis (2007) using the Bruzual & Charlot
(2003, hereafter BC03) models with the Chabrier (2003)
IMF. The default templates are constructed from a set of
485 BC03 models that span a wide range of star formation
histories and metallicities. The nonnegative linear combina-
tions of these and the LRG templates are shown to be able to
describe the great majority of observed galaxy spectra from
SDSS and other surveys (Blanton & Roweis 2007). We use
extinction corrected ugriz model magnitudes and either zo
or zp when fitting the BCG SED. As a sanity check, we com-
pare our derived stellar masses from kcorrect with those es-
timated by Chen et al. (2012), who have developed a variant
of the principle component analysis of spectral decomposi-
tion, so that they are able to infer physical quantities (e.g.,
stellar mass, metallicity) from the eigenspectra for each of
the galaxies. Their stellar mass estimates are available in the
table stellarMassPCAWiscBC03 in SDSS DR10. Among the
60 BCGs in our sample, 27 of them have entries in this table.
3 http://www.ast.obs-mip.fr/users/roser/hyperz/
Although there is a small offset between these two sets of
stellar masses, with the DR10 stellar masses being slightly
higher than the kcorrect ones, the scatter is small and the
correlation is clear.
For NewHyperz, we use the BC03 early-type templates
in the SED fitting. We assume the BCG SEDs are described
by a single stellar population, and thus we do not fit multi-
ple templates simultaneously. Again the extinction corrected
ugriz model magnitudes are used for the fitting. When the
template fitting finishes, NewHyperz provides a scaling factor
for the best-fit SED. Since the BC03 templates are in units
of solar luminosities per solar mass, the stellar mass can be
easily derived from the scaling factor.
Although the SDSS model magnitudes are suitable for
SED fitting (as they are calculated within the same circu-
lar aperture, defined in r-band), they may not capture the
total light from the galaxies. Petrosian magnitudes, on the
other hand, are designed to capture the same fraction of
the light irrespective of the distance to the galaxies, so they
provide a good way to compare galaxy stellar masses at
different redshifts (provided that the galaxies have similar
profiles). Ideally, one wants to compare the “total” luminos-
ity or stellar mass of the galaxies. We follow the method
of Graham et al. (2005) to extrapolate from Petrosian mag-
nitudes to total magnitudes. Basically, from the observed
radii r50 and r90, which enclose 50% and 90% of the Pet-
rosian flux, one can infer the Sersic index n, which then en-
ables one to calculate the magnitude difference between the
Petrosian magnitude and the “total” magnitude (assuming
the galaxy surface brightness distribution follows the Sersic
profile).
Once stellar mass based on model magnitudes (M∗m)
is derived, we can further convert it to those based on Pet-
rosian and total magnitudes (M∗p and M∗t), from the mag-
nitude differences. That is,
M∗x = 10
−0.4(mx−mm)M∗m, (1)
where mm is the apparent model magnitude, mx is either
Petrosian or total magnitude (x = p or t).
4 THE RESULTS
To accommodate various modeling and observational un-
certainties, we have decided to present results considering
both the Planck-based and our own cluster redshift esti-
mates, and to perform SED fitting with two independent
codes (kcorrect and NewHyperz), as well as inferring stellar
masses from the Petrosian or total magnitudes.
The stellar mass estimates from the combination of all
these choices are presented in Tables 1 and 2, for the sake
of completeness.
We present the BCG stellar mass estimates in both red-
shift bins using kcorrect in Fig. 6, and tabulate the result-
ing differences in the mean stellar masses between two red-
shift bins in Table 3. As can be seen in the Table, our results
do not depend sensitively on the way cluster redshifts are
estimated (zp vs zo), and the mean stellar mass growth is of
order a few percent irrespective of the magnitude measure-
ment (Petrosian or total) from which it is derived. We note
that, for all the values shown in Tables 3, they are consistent
with zero.
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The results based on NewHyperz are shown in Fig. 7 and
also in Table 3. Comparing to the results from correct, the
NewHyperz-based values are larger, which may be due to the
use of just the early-type template.
As mentioned above, Petrosian magnitudes provide a
meaningful way to compare galaxies at different redshifts;
considering all possible combinations of ways to estimate
stellar mass using Petrosian magnitudes, we conclude that
the observationally determined stellar mass growth between
z ∼ 0.4 to z ∼ 0.2 is 2 − 14%, and very likely in the lower
part of this range, once we consider the small bias suggested
by the simulation presented in Section 2.1.
In addition to comparing the mean of the distributions
of BCG masses, we also use the Kolmogorov-Smirnov (KS)
test to examine whether the BCG mass distributions at
z = 0.4 and z = 0.2 are similar. For kcorrect-based stel-
lar masses, the KS test indicates the two distributions are
the same at ∼ 96%, regardless of the magnitudes used. For
NewHyperz-based masses, although the likelihood is lower
(∼ 35%), the two distributions are still quite possible to be
drawn from the same parent distribution.
Finally, we compare these results with those obtained
from the Millennium Run simulation. In particular, we use
the Guo et al. (2011) model to examine the evolution of
model BCGs from z = 0.4 to z = 0.2. The central galaxies in
massive halos are regarded as the BCGs. Similar to the test
presented in Section 2.1, there are two ways to select the
model clusters. The first one is to select top N massive clus-
ters at each redshift. The other way is to follow the merger
trees and study the descendant halos of top N z = 0.4 ha-
los. For the first method, the mean mass of the BCGs of
top 30 halos increases by 38% from z = 0.4 to z = 0.2
(Fig. 8, red dashed histogram vs black solid histogram). On
the other hand, for the second method, the mean mass of
the BCGs increases by 31% (Fig. 8, blue dotted histogram
vs black solid histogram). We can thus conclude that in the
Guo et al. (2011) model the typical stellar mass growth of
BCGs is of order 30%, which is quite large compared to
the observed value (likely much less than 14%). This find-
ing is consistent with the results of Lin et al. (2013) and
Lidman et al. (2012), and indicates that the degree of late
time (z < 0.5) growth is small.
5 SUMMARY
In this paper, we have studied the stellar mass growth of
BCGs in massive clusters at z < 0.5. Although it is impossi-
ble to follow the growth of any single galaxy, we have devel-
oped a statistical approach that allows us to construct sam-
ples of BCGs that can be regarded as progenitor-descendant
pairs. This is based on the Ansatz that the top N most mas-
sive clusters at one redshift largely remain in top N most
massive clusters at a slightly later cosmic epoch (Section
2). If this Ansatz holds, the top N most massive clusters
observed at one redshift can be regarded as representative
of the progenitors of top N most massive clusters found
at a lower redshift. Our simulations suggest that between
z = 0.2 and z = 0.4, with N = 30, this Ansatz holds to
about 75% for comoving volume of & (700h−1Mpc)3. Using
simulations, we have found that the mean growth of BCGs
 0
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Figure 8. The mass distribution of BCGs in the model of
Guo et al. (2011). The black solid histogram is for top 30 most
massive halos at z = 0.4. The red dashed histogram is for the top
30 most massive halos at z = 0.2. The blue dotted histogram is
for the descendants of top 30 z = 0.4 halos.
inferred this way may be slightly biased high (by ∼ 5− 10%
or so) compared to the actual growth (Section 2.1).
This idea has been applied to Planck clusters that lie
within SDSS DR10 footprint. We consider two redshift bins
(0.13 6 z 6 0.26 and 0.37 6 z 6 0.41) that occupy the same
comoving volume, and select top 30 most massive clusters in
each bin. We have identified the BCGs in these clusters by
considering their location on the colour-magnitude diagram,
their morphology, and their proximity to the cluster centre.
The stellar mass of the BCGs is estimated by two different
SED fitting codes, kcorrect and NewHyperz. In addition to
the way SED fitting is done, we also consider various ways
the luminosity is measured (Petrosian mag and total mag),
which affect the resulting stellar mass estimates. Considering
all these choices and their observational consequences, we
conclude that the probable stellar mass growth of BCGs in
massive clusters from z ∼ 0.4 to z ∼ 0.2 is 2−14%, and very
likely to be just few percent. We emphasise that although
the two SED fitting codes do not give the same masses, what
is more relevant is the relative stellar mass growth between
z = 0.4 and z = 0.2.
We compare the observational results with the predic-
tions from a SAM built upon the Millennium Run simulation
(Guo et al. 2011). Considering different ways we can asso-
ciate halos at one redshift with those in another, we conclude
the model BCGs typically have grown by about 30% from
z ∼ 0.4 to z ∼ 0.2. We note that there is no spatial infor-
mation in the model of Guo et al. (2011), and the galaxy
growth is calculated by accretion of satellite galaxies at all
radii. Observationally, we have attempted to compute the
“total” stellar mass growth in an approximate way via the
total magnitude, and found that at most the growth is about
13%. This is based on extrapolation of the photometry, and
may depend on the accuracy of sky subtraction in crowded
fields such as cluster cores. It is possible that our estimate
of growth is still confined to regions that are relatively small
compared to the true total size that is considered in SAMs,
especially for intrinsically large galaxies such as BCGs.
In summary, the lack of spatial information in current
SAMs makes it non-trivial to compare with our data. Per-
c© 2014 RAS, MNRAS 000, 1–11
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Figure 6. The distribution of the BCG stellar mass estimated using kcorrect. The solid and dashed lines are for the high-z and low-z
bins, respectively. Panels in the top and bottom rows are for the mass estimation based on Petrosian and total magnitudes, respectively,
while stellar mass in the left and right panels is estimated by using zp and zo, respectively. The label to the upper right corner of each
panel is the same as that in Tables 1 & 2.
Table 3. The mean BCG stellar mass growth between z = 0.2 and z = 0.4 obtained by kcorrect (2nd and 3rd columns) and by
NewHyperz (4th and 5th columns). The uncertainties quoted are statistical only, and are obtained from the mean absolute error. Top and
bottom rows show the mass growth based on Petrosian and total magnitudes, respectively.
kcorrect NewHyperz
mean(z = zp) mean(z = zo) mean(z = zp) mean(z = zo)
Petrosian-mag 4.1%±8.3% 1.5%±8.4% 13.7%±12.3% 7.9%±11.4%
total-mag 3.7%±8.2% 1.2%±8.3% 12.6%±12.1% 6.6%±11.5%
haps a better way to proceed is to compare with hydro-
dynamical simulations, or simulations with the “tagging”
technique (Cooper et al. 2014), which would provide spatial
density profiles of the model galaxies, making a fairer com-
parison possible.
Our Ansatz has enabled us to “link” the most massive
clusters at different redshifts together. We plan to apply
this methodology to the on-going Subaru HyperSuprime-
Cam survey (Takada 2010), which will image 1400 deg2 of
the sky to r ∼ 26, and will provide a high quality cluster
sample out to z ∼ 1.5. We will then be able to trace the
way massive galaxies evolve in the most massive, densest
environments in the past 9 Gyr.
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Figure 7. The distribution of the BCG stellar mass estimated using NewHyperz. The solid and dashed lines are for the high-z and low-z
bins, respectively. Panels in the top and bottom rows are for the mass estimation based on Petrosian and total magnitudes, respectively,
while stellar mass in the left and right panels is estimated by using zp and zo, respectively. The label to the upper right corner of each
panel is the same as that in Tables 1 & 2.
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